[NiFe] and [FeS] cofactors in the membrane-bound hydrogenase of Ralstonia eutropha investigated by X-ray absorption spectroscopy: Insights into O 2-tolerant H2 cleavage by López de Lacey, Antonio & Friedrich, B.
Biochemistry 50: 5858- 5869 (2011) 
 
[NiFe]- and [FeS]-cofactors in the membrane-bound hydrogenase of Ralstonia eutropha 
investigated by X-ray absorption spectroscopy: insights into O2-tolerant H2-cleavage  
 
Johannes Fritsch
1
, Simone Löscher
2
, Oliver Sanganas
2
, Elisabeth Siebert
3
, Ingo Zebger
3
,
 
Matthias Stein
4
, Marcus Ludwig
1
, Antonio L. De Lacey
5
, Holger Dau
2
, Bärbel Friedrich
1
, 
Oliver Lenz
1
, and Michael Haumann
2&
*
 
 
1
Humboldt-Universität zu Berlin, Institut für Biologie/Mikrobiologie, 10115 Berlin, Germany 
2
Freie Universität Berlin, Institut für Experimentalphysik, 14195 Berlin, Germany 
3
Technische Universität Berlin, Max-Volmer Institut, 10623 Berlin, Germany 
 
4
Max-Planck-Institut für Dynamik komplexer technischer Systeme, 39106 Magdeburg, Germany 
5
Instituto de Catálisis y Petroleoquímica (CSIC), 28049 Madrid, Spain 
 
&
Financial support by the Deutsche Forschungsgemeinschaft (DFG) (SFB498-C1, -C8, -C9; 
Ha3265/3-1 to M.H.; Unicat Cluster of Excellence Berlin), the EU/Energy Network SolarH2, 
and the Bundesministerium für Bildung und Forschung (Design Cells Consortium) is 
gratefully acknowledged. M.H. thanks the DFG for a Heisenberg Fellowship. A.L.L. thanks 
the Spanish MICIIN for financial support (project CTQ2009-12649). M.S. is grateful to the 
Max Planck Society for the Advancement of Science for financial support. 
 
*Correspondence to:  
Dr. Michael Haumann, Freie Universität Berlin, FB Physik, Arnimallee 14, 14195 Berlin, Germany, 
Phone: +49 30 838 56101, Fax: +49 30 838 56299, Email: michael.haumann@fu-berlin.de 
 
Keywords: hydrogenase, O2-tolerance, [NiFe] active site, FeS cluster, X-ray absorption 
spectroscopy 
Biochemistry 50: 5858- 5869 (2011) 
 
Running Title: Insights from XAS into O2-tolerance of [NiFe] hydrogenase 
 
Abbreviations: EPR, electron paramagnetic resonance; EXAFS, extended X-ray absorption 
fine structure; DFT, density functional theory; PH, periplasmic [NiFe] H2ase of D. gigas; 
FTIR, Fourier-transform infrared spectroscopy; H2ase, hydrogenase; MBH, membrane-bound 
[NiFe] H2ase of R. eutropha; TXRF, total-reflection X-ray fluorescence detection; XANES, 
X-ray absorption near-edge structure; XAS, X-ray absorption spectroscopy.  
 
Abstract:  
Molecular features that enable certain [NiFe] hydrogenases to catalyze hydrogen (H2) 
conversion in the presence of dioxygen (O2) were investigated in the present study. By means 
of X-ray absorption spectroscopy (XAS) we compared the [NiFe] active site and FeS clusters 
in the O2-tolerant membrane-bound hydrogenase (MBH) of Ralstonia eutropha and the O2-
sensitive periplasmic hydrogenase (PH) of Desulfovibrio gigas. Fe-XAS indicated an unusual 
complement of iron-sulfur centers in the MBH, likely based on an unusual structure of the 
FeS cluster proximal to the active site. This cluster is a [4Fe4S] cubane in PH. For MBH it 
comprises less ~2.7 Å Fe-Fe distances and additional longer vectors of 3.4 Å, consistent 
with an Fe-trimer plus a more isolated Fe ion. Ni-XAS indicated a similar architecture of the 
[NiFe] site in MBH and PH, featuring Ni-coordination by four thiolates of conserved 
cysteines, i.e. in the fully reduced state (Ni-SR). For oxidized states, short Ni-µO bonds due to 
Ni-Fe bridging oxygen species were detected in the Ni-B state of the MBH and in Ni-A of the 
PH. Furthermore, a bridging sulfenate (CysSO) is suggested for an inactive state (Niia-S) of 
the MBH. We propose that the O2-tolerance of the MBH is mainly based on a dedicated 
electron donation from a modified proximal FeS cluster to the active site, which may favour 
formation of the rapidly re-activated Ni-B state instead of slowly re-activated Ni-A. Thereby, 
catalytic activity of the MBH is facilitated in the presence of both, H2 and O2.    
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 Hydrogenases (H2ases) are enzymes that catalyze the cleavage and production of 
molecular hydrogen (H2) at high turnover rates (1-2). They are of interest in the worldwide 
effort to substitute fossil fuels by renewable energy sources, such as H2 (3-5). A limitation for 
biotechnological application of most H2ases is their sensitivity towards dioxygen (O2) (6). 
However, a few H2ases are catalytically active in the presence of O2 (7-11). The elucidation of 
the molecular basis of their O2-tolerance may open new strategies to improve the catalytic 
features of O2-sensitive H2ases by genetic engineering (12-15) and could be useful for the 
design of novel biomimetic synthetic catalysts (16-18).
 
The facultative chemolithoautotrophic bacterium Ralstonia eutropha H16 (Re) has the 
ability to grow on H2, CO2, and O2, and harbours three H2ases, all of which are active in the 
presence of O2. These are the regulatory H2ase (RH), which acts as an H2 sensor (19-21), the 
soluble NAD
+
-reducing H2ase (SH) (22-24), and the membrane-bound H2ase (MBH) (25-26). 
All enzymes belong to the [NiFe] class and their active sites contain one Ni and one Fe atom 
(1, 27-29) as opposed to the [FeFe] H2ases possessing a homo-metallic center (1, 27, 30). The 
MBH, which is in the focus of the present study, is bound to the periplasmic side of the 
cytoplasmic membrane via a membrane-integral b-type cytochrome (31). The enzyme shows 
high H2-oxidation activity (26) and feeds the derived electrons into the respiratory chain (32).  
The MBH sustains growth of R. eutropha with H2 even at atmospheric levels of O2 
(26, 33-35). Electrochemical experiments have shown that H2-oxidizing activity at ambient O2 
pressure (~230 mbar) can be up to 60 % of the activity determined in the absence of O2; 
nearly full activity is recovered at high redox potential when O2 is replaced by H2 (33-36). 
Furthermore, the MBH is insensitive to inhibition by CO (36). These features are unique and 
not found for the standard type of [NiFe] H2ases, e.g., from Desulfovibrio and 
Allochromatium species, in which H2-oxidizing activity is completely inhibited by traces of 
O2 and low CO levels. Reactivation of O2-inhibited standard H2ases occurs extremely slowly 
and only at low potentials (6, 37-38).
 
Comentario [MSOffice1]: ? 
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The high O2-tolerance of the MBH is surprising because its amino acid sequence (26, 
29) suggests a high structural similarity with standard [NiFe] H2ases, e.g. the periplasmic 
H2ase (PH) of Desulfovibrio gigas (Fig. 1). The MBH consists of a large subunit (HoxG) 
comprising the [NiFe] site and a small subunit (HoxK), which harbours binding sites for three 
FeS clusters (Fig. 1) (39-40). According to the crystal structures of several [NiFe]-
hydrogenases, generally four conserved cysteines in the large subunit are involved in 
coordinating the active site Ni and Fe atoms (27, 41). A further common feature of [NiFe] 
H2ases is the ligation of the Fe by two cyanides (CN
-
) and one CO as observed by FTIR 
spectroscopy (36, 42-43). Apart from these similarities, biochemical, electrochemical, and 
spectroscopic results (26, 36, 43-45) suggest that O2 tolerance of the MBH is related to the 
structural arrangement of its metal cofactors, rather than to the restricted access of O2 and CO 
to the [NiFe] site due to a narrow gas-channel as proposed for H2-sensing H2ases (12, 26, 46). 
Notably, compared to standard H2ases, biosynthesis of active MBH requires a significantly 
larger set of maturation proteins (47-49).
 
Spectroscopic studies on the MBH using EPR and FTIR techniques uncovered several 
features differing from those of standard enzymes (43-46). The so-called Ni-A state, 
corresponding to oxidized, inactive unready enzyme, was not detectable in wild-type MBH. 
For standard H2ases residing in the Ni-A state, a (hydro)peroxo species was suggested to 
occupy the bridging position between Ni and Fe, whereas in the Ni-B state a hydroxide is 
assigned as bridging ligand (50).
 
Remarkably, in addition to the absence of Ni-A, a complex 
EPR spectrum indicates modification of the FeS cluster in the proximal position to the [NiFe] 
site in the MBH (43-46). The structural basis of these modifications needs to be elucidated. 
In the present study, the metal centers of the MBH were characterized by an element-
specific technique, namely X-ray absorption spectroscopy (XAS) (51-52), by which the 
coordination environment and redox changes of the protein-bound metal atoms were 
determined. The spectroscopic features of the MBH are compared to those of the PH standard 
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H2ase, for which crystal structures are available (27, 53). Our results suggest a different 
structure of the proximal FeS cluster, but a rather similar, although more disordered [NiFe] 
active site in MBH compared to PH.   
 
MATERIALS AND METHODS 
Enzyme purification and sample preparation. Three different MBH protein 
preparations were used for this study. The most active MBH (mean activity of 14013 U/mg) 
was isolated from R. eutropha strain HF649, which was grown on fructose-glycerol mineral 
medium under oxygen-limited conditions (43-44, 54). The membrane fraction was prepared 
under an argon atmosphere and oxidized by the addition of 50 mM K3[Fe(CN)6] prior to 
aerobic solubilisation with Triton X-114. Purification via Strep-Tactin affinity 
chromatography was carried out in K-PO4 buffer, pH 7.0. The protein samples were 
concentrated using Amicon Ultra-15 (PL-30) and Amicon Microcon (YM-30) filtration 
devices (Millipore) in buffer containing 40 mM K-PO4, pH 5.5, 150 mM NaCl, 20 % 
glycerol. MBH mutant protein (HoxK Cys19/120Gly) was prepared as previously described 
(54) and concentrated as shown above (pH 5.5, ~86 U/mg). Less active MBH protein (mean 
activity of 604 U/mg) was purified as described previously (26, 43) and concentrated under 
aerobic conditions, and the purified protein was finally stored in 50 mM K-PO4 buffer at pH 
8.0. All preparations lacked the membrane-integral cytochrome-b that serves as primary 
electron acceptor. Protein concentrations were determined by the Bradford method (55) with 
bovine serum albumin as a standard. Purity of samples was examined by SDS-PAGE. H2ase 
activity was determined photometrically (26, 40) in 50 mM K-PO4 buffer at pH 5.5 using the 
artificial electron acceptor methylene blue. For treatments in the presence of H2, concentrated 
protein solutions (~30 µL) were enclosed in gas-tight reaction vessels, the atmosphere was 
exchanged by repeated degassing (23), and solutions were incubated under a gentle stream of 
moistured gas for 10-45 min at ~20 °C. The final MBH protein concentrations in the samples 
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were 0.5-0.8 mM. PH protein from D. gigas was prepared and concentrated under aerobic 
conditions and protein concentrations were determined as described before (56). Activation of 
PH was performed upon incubating Eppendorf reaction vessels containing concentrated 
protein (~30 µl) in repeatedly degassed buffer at 35 °C under pure H2 for 90-180 min. 
Reduction of PH was achieved by incubation with Na-dithionite (10 mM) for 20 min. Final 
PH concentrations were 0.7-1.0 mM. Immediately after the treatments, ~20 µl of protein 
samples were transferred under argon atmosphere to Kapton-covered sample holders for XAS 
and EPR measurements, rapidly frozen, and stored in liquid nitrogen until use.  
Metal content quantification. The metal content in H2ase proteins was determined by 
total-reflection X-ray fluorescence detection (TXRF) (57) on a PicoFox instrument (Bruker). 
Ni and Fe concentrations were determined using the built-in spectrometer functions relative to 
a gallium standard (Sigma), which had been added prior to the measurements to the protein 
solutions. 
FTIR spectroscopy. Infrared spectroscopy was carried out on a Bruker TENSOR 27  
spectrometer as described before (43) with aliquots of the protein samples used for XAS. 
X-ray absorption spectroscopy (XAS). XAS measurements were performed at beamline 
D2 of the EMBL outstation (at HASYLAB, DESY, Hamburg, Germany) and at beamline 
KMC-1 of BESSY (Helmholtz-Zentrum Berlin). K fluorescence-detected XAS spectra at the 
Ni and Fe K-edges were collected for samples held in liquid-helium cryostats at 20 K with 
energy-resolving 13-element Ge detectors (Canberra) (58-59). Fe spectra were recorded for a 
monochromator scan range of 7000-8200 eV. For Ni, in an extended-range approach (60), the 
scan range was 8200-9200 eV. XAS spectra were averaged (5-12 scans) after energy 
calibration of each scan by the Bragg-reflection method (61) or using the spectrum of a Ni 
metal foil as an energy standard, normalized, and EXAFS oscillations were extracted (52). 
The energy scale of EXAFS spectra was converted to a wavevector (k) scale using E0 values 
of 8333 eV (Ni) and 7112 eV (Fe) E0 refined to ~7120 eV (Fe) and ~8336 eV (Ni) in the 
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simulations. Unfiltered k
3
-weighted spectra were used for least-squares curve-fitting and 
Fourier-transform (FT) calculation with the in-house program SimX (52). In EXAFS 
simulations, phase-functions from FEFF7 (62) and amplitude reduction factors (S0
2
) of 0.9 
(Ni) and 0.85 (Fe) were used.  
XANES simulations. XANES calculations were done as described in (23, 63) using the 
code FEFF8.2 (62) with the full-multiple-scattering (FMS) and the self-consistent-field (SCF) 
options activated. Atomic coordinates of FEFF input files were generated using the crystal 
structure of the [NiFe] site of D. gigas H2ase (41) as a template and Ni-ligand distances from 
the EXAFS analysis. Calculated spectra were shifted by 1 eV to lower energies and smoothed 
over data points within 3 eV for better comparison with the experimental data. 
Density functional theory (DFT) calculations. DFT calculations were performed using 
the program ORCA (64-66). Geometry optimizations of [NiFe] site models involved the BP86 
exchange-correlation functional (67-68) and a double-zeta basis set (69) with polarization 
functions from the TURBOMOLE library (ftp://ftp.chemie.uni-karlsruhe.de/pub/basen) and a 
dielectric constant of ε = 4 in a COSMO solvation model (70, 71).  
 
RESULTS  
The FeS clusters studied by XAS at the iron K-edge. By Fe-XAS we compared the 
properties of FeS clusters in the R. eutropha MBH with those of the D. gigas PH (Fig. 2). In 
the XANES spectrum of oxidized MBH, the primary maximum at ~7129 eV was larger, the 
edge energy at 50 % level was by ~0.6 eV higher (7118.2 eV), and the energy of the pre-edge 
feature due to 1s3d electronic transitions was by ~0.4 eV higher (7112.1 eV), compared to 
the respective parameters of the PH spectrum (Fig. 2C). These differences suggest alterations 
in the average iron coordination and an overall higher content of oxidized Fe ions in the 
MBH. In H2-reduced MBH, the edge and pre-edge feature were shifted by ~0.9 eV and ~0.6 
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eV to lower energies (7117.3 eV and 7111.5 eV), indicating significant Fe reduction in this 
sample (Fig. 2C). 
By TXRF, an Fe per Ni ratio of 12.10.3 was determined for the PH, which is in 
agreement with the expected 12 Fe ions (deduced from two [4Fe4S] and one [3Fe4S] clusters 
and the active site) per Ni. For the MBH, a slightly lower ratio of 11.10.8 was determined. 
However, even a small Ni contamination of 5 % of the protein-bound metal would diminish 
the ratio by ~0.5 units and result in an underestimation of the metal ratio. Thus, a  
conservative estimate is a content of 12 Fe ions for the MBH, similar to the PH. Taking into 
account this value and an expected edge shift of about 3 eV for a single-electron redox change 
of a mono-iron compound (72), the data are compatible with the presence of one to two higher 
oxidized ions, i.e. Fe(III), in the oxidized MBH compared to the PH and with the reduction of 
about three iron ions from Fe(III) to Fe(II) in the case of the MBH upon H2-incubation.   
EXAFS analysis was employed to study the structure of the Fe sites (Fig. 2). The 
Fourier-transforms (FTs) of the respective EXAFS spectra of oxidized MBH and PH were 
dominated by FeS cluster contributions, exhibiting two distinct FT peaks related to Fe-S (I) 
and Fe-Fe (II) distances (21, 58). For the oxidized MBH, both FT-peak amplitudes were 
largely diminished, suggesting an overall structure of the FeS clusters different from that in 
the PH. For H2-reduced MBH, an increase of FT peak I was observed. However peak II again 
was much smaller than for the PH (Fig. 2A). Fe-Fe and Fe-ligand distances (Ri) and their 
numbers per Fe atom (coordination number Ni) were determined by curve-fitting of the 
EXAFS oscillations (48). The spectrum of the PH was in full agreement with the 
corresponding simulations (Table 1-I,II) predicting two [4Fe4S] and one [3Fe4S] clusters in 
this enzyme. In particular, the coordination number (NFe-Fe) of Fe-Fe distances of ~2.7 Å, 
typical for the above mentioned FeS clusters, closely matched the value of ~2.6, which was 
calculated for the PH (see below). In addition, the inter-atomic distances were similar to those 
in crystal structures (53) and previous XAS data (73).   
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Simulation of the EXAFS spectrum of oxidized MBH using the same FeS complement 
as for the PH was insufficient (2-fold increased error, RF; Table 1-III). A better fit quality was 
obtained using the Debye-Waller parameters (22) of the PH as a reference, but varying the 
individual Ni-values (Table 1-IV). A coordination number NFe-Fe of ~1.6 was obtained for the 
MBH, which is by approximately one unit lower than in the PH. A similar fit (not shown) was 
obtained for the less active MBH preparation at pH 8.0 (Fig. 2A). Accordingly, major 
differences in the average iron coordination spheres in the two MBH preparations were not 
observed by XAS. The NFe-Fe value of the MBH appeared to be too low to accommodate two 
[4Fe4S] and one [3Fe4S] clusters, suggesting an apparent diminishing of the Fe-Fe 
contributions to the MBH EXAFS by interference effects, e.g., of Fe-S and Fe-Fe interactions.    
For the first-sphere iron coordination in MBH, an apparent number of Fe-S bonds was 
obtained that was also too low to account for the four sulfurs ligating the Fe ions in 
conventional FeS clusters (Table 1-III,IV). However, the number of iron interactions with 
light scatterers due to the Fe-C(=O/N)/O bonds at the active-site iron was similar for MBH 
and PH, and thus there was no evidence for oxidatively modified FeS clusters in the MBH. A 
more elaborated EXAFS simulation approach included two Fe-S and Fe-Fe shells. This 
approach revealed additional longer iron-sulfur bonds of ~2.6 Å and thus a total NFe-S closer to 
the expected value of ~4, and an improved fit quality. Furthermore, also the NFe-Fe value was 
increased to close to 2 (Table 1-V), which, however, still was significantly lower than for the 
PH. Two Fe-Fe distances of 2.68 Å and 2.78 Å (with coordination numbers close to unity) 
and a longer distance of ~3.4 Å with smaller coordination number now became discernable 
(Table 1-V,VI). The Debye-Waller parameter () (Table 1) suggested a distance distribution 
of 0.06 Å for the Fe-Fe interactions. Thus, particularly short Fe-Fe distances of ~2.6 Å and 
longer distances of ~2.85 Å presumably are present in the MBH, both of which were not 
detectable in the PH. However, the conventional Fe-Fe distance of ~2.7 Å was observed in 
both enzymes.  
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Simulations of the EXAFS of H2-reduced MBH using the same approach yielded a 
similar NFe-Fe close to 2 as for oxidized enzyme (Table 1-VII,VIII). The increase in FT peak I 
was explained by homogenization of the Fe-S bond lengths, i.e. a lower number of longer 
Fe-S bonds, in agreement with the reduction of several Fe ions observed in the XANES. 
Figure 2 shows also the EXAFS spectrum of an MBH variant, in which two cysteines 
(Cys19 and Cys120) were replaced by glycines in the small subunit HoxK by genetic 
engineering (54). These particular cysteines are absent in the PH and appear to be located 
close to the proximal FeS cluster in the MBH. For the respective mutant protein, 
MBH
C19G/C120G
, a significantly increased oxygen-sensitivity has been reported previously (54). 
The Fe/Ni ratio of MBH
C19G/C120G
 preparations was 11.60.3, which is close to the 12 Fe ions 
expected according to the D. gigas structure. The FT spectrum of the mutant protein in 
particular revealed an increased peak II, more similar to the PH. Accordingly, the EXAFS 
simulation yielded a larger NFe-Fe than in wildtype MBH. In the mutant protein the Fe-Fe 
distances did not exceed ~3.0 Å (Table 1-IX). In summary, the overall structure of FeS 
clusters in this MBH variant was significantly different from that in wildtype MBH and  more 
similar to that in the PH.       
For the PH, a total number of 31 Fe-Fe/Ni distances with a length of about ~2.7 Å was 
calculated (each Fe-Fe pair contributes two distances; 2x12 plus 1x6 distances in the two 
[4Fe4S] and one [3Fe4S] clusters and the Ni-Fe distance with a similar length and therefore 
indistinguishable from the Fe-Fe interactions; see next section). For the MBH, a comparable 
calculation based on 12 Fe ions and on the data displayed in Table 1 yielded ~25 Fe-Fe/Ni 
distances of ~2.7 Å plus around four longer vectors of ~3.4 Å. According to EPR results, the 
MBH contains one [4Fe4S], one [3Fe4S] cluster, and an additional FeS cluster of unknown 
structure (43, 45, 54). Subtraction of the 18 Fe-Fe vectors of the [4Fe4S] and [3Fe4S] clusters 
and the Ni-Fe distance resulted in six Fe-Fe vectors of ~2.7 Å in addition to the longer 
interactions, which are likely attributed to the third FeS cluster. These values are incompatible 
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with an assignment of this cluster to a conventional [4Fe4S] cubane in the MBH and suggest a 
more unusual FeS species, most probably in the proximal position (43, 45, 54). 
 
Ni XAS on the active site structure. Prior to XAS analysis, the population of the 
various states of the [NiFe] site in the samples was determined by EPR and FTIR 
spectroscopic techniques (data not shown, see (42-43, 45, 54, 74-75)). EPR revealed that the 
oxidized PH was to more then 85 % in the Ni
III
-A state, previously interpreted as carrying a 
bridging peroxide species between the Ni and Fe ions (50, 76). After 90 min of reductive 
incubation with H2, the Ni
III
-C state with a hydride, H
-
 in the bridging position (77-78) was 
present in ~65 % of the protein; minor populations of other states summed up to ~35 %. In 
Na-dithionite reduced PH, most of the [NiFe] site was fully reduced (75, 79) and the 
respective Ni
II
-SR states (see below) may harbor a metal-bound hydride as well (64, 80). 
For the MBH, various states of the [NiFe] site have been previously assigned by FTIR 
spectroscopy, according to the characteristic infrared stretching frequencies of the Ni-bound 
CO ((CO)) (43, 45, 54, 81). Analysis of the (CO) values of the anaerobically oxidized 
MBH samples at pH 5.5 revealed that the majority of the [NiFe] sites (~70 %) resided in the 
Ni
III
-B state, while the remaining fraction contained Ni(II)-states (Table 2). The Ni-A state 
was not detected in any of the studied MBH samples, which is consistent with previous 
observations (43, 45, 54). In H2-reduced MBH, the Ni-SR states were dominant (~80 %). The 
Niia-S inactive state with a Ni(II) (43, 54) was the main species (~70 %) observed in 
aerobically purified MBH at pH 8.0. An increased Niia-S population was also found in a 
sample of highly active, H2-reduced MBH that was re-oxidized by exposure to air after XAS 
data collection and subsequent thawing (Table 2).  
The coordination environment and oxidation state of the Ni atom as a crucial 
constituent of the active site was studied by XAS at the Ni K-edge. XANES spectra of the PH 
in the Ni-A and the MBH in the Ni-B state revealed a similar edge energy, in agreement with 
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the presence of Ni(III) in both species (Fig. 3). The edge shapes were typical for a dominant 
sulfur-coordination of the Ni (82), i.e. by the thiolates of four cysteines residues. The two 
enzymes showed only minor differences, suggesting a quite similar first-sphere Ni-
coordination. A PH sample with a preferential Ni-C content exhibited a decreased secondary 
edge maximum at ~8360 eV, likely due to the replacement of the Ni-Fe bridging oxygen 
species by a hydride (82-84). Interestingly, the slightly higher edge energy implied an even 
more oxidized Ni ion in the Ni-C state compared to Ni-A. Decreased secondary edge maxima 
also were observed for MBH and PH in the Ni-SR state(s). Due to near-quantitative Ni(II) 
formation, the corresponding edge energies were around 0.5 eV lower than in the oxidized 
samples (Fig. 3). In the oxidized MBH at pH 8.0, a pronounced increase of the primary edge 
maximum at ~8350 eV suggested additional terminal oxygen ligands at the Ni(II) (23, 58, 82, 
85) in the Niia-S state and therefore a substantially different site structure compared to Ni-B. 
Applying EXAFS analysis, the bond lengths and numbers of ligands at the Ni ion were 
determined (Fig. 4). The Fourier-transform (FT) of the EXAFS spectrum (Fig. 4A) of the PH 
in the Ni-A state revealed two main peaks due to Ni-oxygen and Ni-sulfur bonds. Features at 
higher distances reflected contributions from the Ni-Fe vector (23, 60). The best-fit 
parameters (Table 3-I) showed that the Ni-A spectrum was completely described by close to 
one short Ni-oxygen distance, four Ni-sulfur bonds from the cysteines at the active site, and a 
Ni-Fe distance of 2.75 Å, all of which are similar to those found in crystal structures (50, 53). 
The short bond length of 1.85 Å suggested that the O-atom was in a Ni-Fe bridging position 
(83). Further O-atoms in the first coordination sphere of Ni were not detected. This rather 
excludes the presence of sulfenates (oxidized cysteines, CysSO) bound via their O-atom to Ni, 
which have been found in several crystal structures of oxidized Desulfovibrio H2ases (86-88). 
Also the second O-atom of a (hydro)peroxide ligand, i.e. at ~2.2 Å to Ni, could not be 
observed. In the Ni-C sample of the PH (Fig. 4A, Table 3-II), the Ni-oxygen bond was 
completely lost (vanishing NNi-O). The expected Ni-hydride bond (77-78) in Ni-C can not be 
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detected by EXAFS because of the very small backscattering amplitude of hydrogen. An 
similar overall coordination of the Ni(II) was also determined for the Ni-SR states of the PH 
(Table 3-III). The shortening of the Ni-Fe distance by ~0.2 Å in Ni-C and Ni-SR was in 
agreement with crystal structures of reduced Desulfovibrio H2ases (86, 88). In the Ni-SR 
state, the longest Ni-sulfur distance, which likely belongs to the axial sulfur ligand at Ni (41), 
was even longer than the Ni-Fe distance, as previously observed (14). 
The FT of the EXAFS spectrum of the MBH in the Ni-B state was different from that 
of the PH in the Ni-A conformation. The considerably smaller overall amplitudes (Fig. 4B) 
suggested more variable Ni-sulfur bond lengths in the MBH. A corresponding simulation 
revealed a coordination number of the Ni-oxygen interactions of ~0.7 (Table 3-IV), in 
agreement with a Ni-B content of about 70 % in the respective sample. The main differences 
between the Ni-B state of the MBH and the Ni-A state of the PH were (i) a ~0.03 Å longer 
Ni-oxygen distance, (ii) a ~0.04 Å longer mean Ni-sulfur distance, (iii) a doubled Debye-
Waller parameter (22) of the shorter Ni-sulfur interactions, which implied a larger Ni-sulfur 
distance spread between 2.12-2.28 Å, and (iv) a ~0.1 Å shorter Ni-Fe distance in the MBH of 
~2.65 Å (Table 3-IV).  
The EXAFS spectrum of H2-reduced MBH was very similar to that of Na-dithionite-
reduced PH (Fig. 4). The respective simulations revealed a similar Ni coordination in both 
samples and, in particular, the apparent absence of Ni-bound oxygen. The Ni-Fe distance was 
shortened by ~0.15 Å (Table 3-V) and thereby became better discernable in the FT spectra 
(Fig. 4B). The largely decreased 22 value of the Ni-sulfur interactions indicated a 
homogenization of the corresponding bond lengths in the MBH in the Ni-SR state. However, 
the overall Ni-sulfur and Ni-Fe distances remained slightly longer than in the PH.   
 The FT of the EXAFS spectrum of the MBH preparation preferentially in the in Niia-S 
state (pH 8.0) revealed largely diminished amplitudes, a shift of the main peak to larger 
distances, and a smaller peak feature due to short Ni-oxygen bonds compared to Ni-B (Fig. 
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4B). The simulation yielded an increased number of Ni-oxygen bonds with a longer 
interatomic distance of ~2 Å, a by ~0.1 Å larger mean Ni-sulfur bond length, an increase in 
the coordination number of long Ni-sulfur distances to about two, and a by ~0.3 Å longer Ni-
Fe distance of ~3.05 Å, compared to the Ni-B state of the MBH (Table 3-VI). The longer 
oxygen bonds most likely belong to terminal Ni ligands and not to metal-bridging µO species. 
Two long Ni-sulfur interactions may be attributable to the axial Ni-SCys bond and to a Ni-
O(SCys) binding motif (see below).  
 The long Ni-Fe distance and additional long Ni-sulfur distances of the MBH in Niia-S 
resembled the situation in crystal structures of standard [NiFe] H2ases showing a Ni-Fe 
bridging sulfenate (CysSO) (SI-1). XANES simulations on the basis of Ni-coordinations 
involving 0, 1, or 2 Ni-bound oxygen atoms (SI-2) readily reproduced the shape changes 
between Ni-SR and Ni-B in the experimental spectra of the MBH due to the loss of the 
bridging hydroxyl species and suggested that the increased maximum in the XANES of Niia-S 
reflects the presence of two non-µO oxygen ligands. By density functional theory calculations 
(DFT), geometry-optimized structures (not shown, see (64-65)) were obtained for the Ni-B 
and Ni-S states with a standard (CysS)4 Ni-ligation and with terminal or Ni-Fe bridging 
sulfenate groups (SI-3, Table S1). The resulting structures suggest that terminal sulfenates 
bind to Ni via their S-atom, but equatorial bridging sulfenates bind to Ni via their O-atom, in 
agreement with crystal data (SI-1). A bridging CysSO elongated the Ni-Fe distance to a value 
of ~3 Å and created an additional long Ni-sulfur distance. Similar changes were observed by 
XAS for the Niia-S state of the MBH. Minor changes in the Ni-Fe distance were observed for 
a terminal CysSO compared to a standard active site. These results favor a metal-bridging 
CysSO group in the Niia-S state, but, however, a [NiFe] site structure without obvious 
cysteine modifications in the Ni-B state of the MBH. 
Biochemistry 50: 5858- 5869 (2011) 
 
DISCUSSION 
Structure of FeS clusters in the MBH. The Fe-XAS analysis suggests different FeS 
cluster compositions in MBH and PH. As a main result a diminished number of Fe-Fe 
distances of ~2.7 Å, typical for conventional [4Fe4S] and [3Fe4S] clusters (21, 90), was 
observed in the MBH. The small subunit of the PH contains two [4Fe4S] clusters in the 
proximal and distal positions relative to the active site and the medial [3Fe4S] cluster, 
respectively (53). EPR spectroscopy revealed that the HoxK subunit of the MBH contains one 
[4Fe4S] and one [3Fe4S] cluster, in addition to an unusual paramagnetic iron-sulfur species. 
The latter interacts magnetically both with the Ni(III) of the active site in the Ni-B state and 
the oxidized [3Fe4S]
+
 cluster in the medial position (43, 45, 54). Accordingly, this species  
most likely is located at the position of the proximal cluster. Similar EPR results were 
obtained for other O2-tolerant [NiFe] H2ases (9, 11, 91-92). Site-directed mutagenesis studies 
on the MBH, combined with spectroscopic and electrochemical investigations consistently 
point to a modified proximal FeS center, which has been shown to be crucially related to O2 
tolerance (46, 54). We therefore discuss possible structural motifs for this unusual cofactor, 
derived from the Fe-XAS analysis. 
As emphasized previously, a common feature of the small subunits of O2-tolerant 
membrane-bound [NiFe] H2ases is the presence of two additional cysteine residues, Cys19 
and Cys120 in the case of the MBH from R. eutropha, in close vicinity to the position of the 
proximal FeS cluster. These particular cysteine residues are replaced by glycines in standard 
H2ases (see (54) and refs. therein). However, the four conserved cysteines, ligating the 
proximal cluster are present both in standard [NiFe] H2ases, such as the PH, and in the O2-
tolerant enzymes. Thus, the presence of two additional cysteine residues in coordination 
distance may provide a surplus of iron ligands in MBH-like O2-tolerant H2ases. 
Fe-XAS revealed at most 6 Fe-Fe distances of 2.6-2.85 Å and up to 4 longer distances 
of ~3.4 Å for the proximal cluster of the MBH. This is incompatible with a cubane [4Fe4S] 
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species, for which 12 Fe-Fe distances of ~2.7 Å would be expected and were actually found in 
the PH. We note that the error in the numbers of Fe-Fe distances in the MBH may be in the 
order of about 2, due to statistical coupling between coordination number and Debye-Waller 
parameter in EXAFS simulations (52). The aforementioned numbers of Fe-Fe interactions in 
the MBH suggest three Fe-Fe pairs with a separation of metal ions by 2.6-2.85 Å and one to 
two additional pairs with a separation of ~3.4 Å. Fe-Fe distances larger than 4 Å cannot be 
excluded, but are difficult to detect by XAS. Notably, there was no evidence from XAS for 
additional non-sulfur iron ligands in the MBH.   
Based on these considerations, a similar ligation pattern of the conserved cysteines, 
assuming four proximal Fe ions in the MBH, and molecular modelling results of the structure 
of the HoxK subunit (54), a possible model for the proximal FeS cluster is suggested (Fig. 
5A). It includes an Fe-trimer combined with a more remote Fe ion. The shortest detected Fe-
Fe distance of ~2.6 Å suggests that one of the additional cysteines may provide a bridging 
ligand (Fe-µS(Cys)-Fe motif), as observed for the active site H-cluster of [FeFe] H2ases (27, 
30). However, it remains unclear if four µ3S bonds are implemented in the structure and how 
the iron at about 3.4 Å distance to one or two of the other Fe ions is connected to the trimer. 
The loss of one µS bridge may open a coordination site at the more distant Fe ion for the 
binding of an additional cysteine. Notably, such a structure (Fig. 5A) is conservative in a way 
that it comprises only iron ligated by sulfur ligands and requires relatively small deviations 
(<1 Å) of the Fe ions from the crystallographic positions in the PH (53).      
Modified FeS clusters were also observed in crystal structures of standard H2ases, but 
mainly attributed to protein damage due to crystallization and/or X-ray induced modifications 
during data collection (93-94). The presence of a special cluster also in the most native, 
membrane-containing preparation (43), the absence of X-ray induced damage under our XAS 
conditions, and similar Fe-XAS data for various protein samples argue against unspecific FeS 
cluster modifications in the MBH. Furthermore, the MBH variant lacking the additional 
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cysteines (54) reveals an iron coordination pattern more similar, although not fully identical to 
that of the PH. Therefore, the data suggest a more cubane-like structure of the proximal 
cluster. This mutant enzyme exhibited a higher sensitivity to O2-inhibition (54), which 
correlates the presence of the two cysteines directly with the O2-tolerance of the MBH (46, 
54). Therefore, we propose that a structurally modified proximal FeS cluster is a native and 
functionally important feature of the MBH.    
 Properties of the [NiFe] active site. A central result of the present Ni-XAS study is 
that the overall structural features of the functional states, Ni
III
-B and Ni
II
-SR, of the [NiFe] 
site in the MBH are similar to those in the PH (Fig. 5B). Both revealed four sulfur ligands at 
Ni, likely stemming from the four conserved cysteines at the active site in both enzymes. For 
the Ni-B state of the MBH, a particularly short Ni-oxygen bond (Ni-µO motif) was detected, 
which we assign to a Ni-Fe bridging OH
-
 as proposed for standard H2ases (50, 76). A similar 
conclusion has been obtained in previous EPR and FTIR studies of the MBH (43-45). Thus, 
the O2-tolerance of the MBH is not based on obvious modifications of its [NiFe] site. 
There are, however, more subtle structural differences. The mean Ni-sulfur bond 
length in the Ni-B state of the MBH was overall larger and a larger bond lengths distribution 
was observed, compared to the Ni-SR state of the MBH and to the Ni-A and Ni-C states of the 
PH. The Ni coordination in Ni-B thus is considerably less homogeneous, possibly reflecting 
differences in the amino acid environment of the [NiFe] site. Indeed, at position 71 in the 
large subunit, a valine is found in the PH, but a cysteine (C81) in the MBH (44). The V71 side 
chain is at ~4 Å distance to the Ni-Fe bridging C68 in the PH (50, 53). C81 could be at a 
similar distance to the bridging C78 in the MBH. In line with this rationale, mutations of C81 
in the MBH negatively affected the affinity for the substrate H2, but the O2-tolerance 
remained unchanged (26). A somewhat increased O2-tolerance and decreased affinity for 
carbon monoxide (CO), a common inhibitor of standard H2ases but not of the MBH (26), was 
found for a cysteine mutant of D. fructosovorans (13). Weak CO binding at Ni was also 
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reported for the O2-tolerant H2ase of A. aeolicus (95). These results suggest that an additional 
cysteine close to the [NiFe] site is not sufficient to mediate full O2-tolerance of the MBH. 
Rather, a fine-tuned [NiFe] site coordination may decrease the binding strength of inhibitory 
ligands at Ni. The longer Ni-µO bond and the smaller Ni-Fe distance suggest that also the 
bridging oxygen species in Ni-B of the MBH is less firmly bound than that in Ni-A of the PH. 
This interpretation would be even more interesting, if the Ni-A state does not comprise a 
bridging peroxidic species, but rather a hydroxide (see below). Thus, a direct comparison of 
the Ni-B state of standard H2ases with that of MBH by XAS would be appropriate. However, 
PH samples residing exclusively in the Ni-B state have not been purified yet, most probably 
due to overlapping redox potential windows for Ni-B and other states (75, 96-97). 
In agreement with previous findings (43, 45, 54), the inactive Ni-A state was not 
detected in any of the studied MBH samples, but Ni-A was the main species in the oxidized 
PH. Remarkably, the second oxygen atom of a bridging (hydro)peroxide (OOH
-
) proposed for 
Ni-A was not detectable by Ni-XAS, meaning that it was either absent or at a larger distance 
to Ni (Fig. 5B) than the ~2.2 Å derived from crystal structures of standard H2ases (50, 87). A 
second O-atom could also be located on a terminal sulfenate group (SI-1). 
MBH protein that was anaerobically oxidized prior to aerobic purification revealed the 
Ni-B state as the dominant site species. However, if this preparation was reduced with H2 and 
subsequently reoxidized with air (45, 54), considerable amounts of the oxidatively modified 
Ni
II
ia-S species were found (Fig. 5B). A similar observation was made for MBH samples that 
were purified completely aerobically (43). According to the XAS and DFT results, this 
inactive state could feature a Ni-Fe bridging sulfenate group (Ni-O
-
SCys-Fe motif), besides of 
an additional Ni-bound oxygen species, possibly from OH
-
. A similar CysSO bridge has been 
detected in crystals of standard H2ases (SI-1). Occurrence of the Niia-S state in purified MBH 
protein may be related to the redox status and/or integrity of its FeS clusters (44-45). 
However, under physiological conditions, when the MBH is bound to the cytochrome-b 
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subunit in the membrane, the Niia-S state has not been observed (43) and, hence, presumably 
is not of functional relevance. 
 Possible clues on the O2 tolerance of the MBH of R. eutropha. The results in the 
present study support the previously made conclusion (11, 43, 45, 54) that a modified 
proximal FeS cluster, but not a modified [NiFe] site, is an essential prerequisite for O2-
tolerance in membrane-bound [NiFe] H2ases. Likely, the key feature of the proximal cluster in 
the MBH is its altered redox potential compared to standard [NiFe] H2ases (43, 46, 54), which 
facilitates additional electron donation to the active site. Redox transitions of this cluster are 
well detectable by EPR (43, 45). Oxidation of at least one additional Fe ion in the MBH 
compared to the PH is indicated by our Fe-XANES results. In the absence of external electron 
donors and starting in a situation with fully reduced iron-sulfur centers, the proximal FeS 
cluster, the medial [3Fe4S] cluster, and the distal [4Fe4S] cluster of the MBH thus can 
provide at least three electrons to the [NiFe] active site whereas only two electrons are 
provided by the distal [4Fe4S] and the medial [3Fe4S] clusters of the PH. This difference may 
explain, why the Ni-B state (Ni
III
-OH
-
), which formally is by one electron more reduced than 
Ni-A (Ni
III
-O
-
SCys,OH
-
 or Ni
III
-OOH
-
), is preferred in the MBH. A surplus electron acceptor 
capacity due to the oxidized proximal cluster, in addition to the oxidized distal [4Fe4S] and 
medial [3Fe4S] clusters, on the other hand also is in agreement with the observed Ni-SR 
formation after activation by hydrogen of the MBH in the Ni-B state.          
 These considerations support a mechanism for H2-cleavage by the MBH in an oxygen-
containing environment, including only Ni-B and the intermediates in the catalytic cycle (Ni-
S, -C, -SR) (54). During H2-catalysis, the active MBH enzyme could provide electrons to 
reduce O2 at the [NiFe] site in order to form the Ni-B state, which is rapidly reactivated. Thus, 
the catalytic activity is expected to depend on the relative concentrations of H2 and O2 and on 
the redox conditions controlling the availability of electrons (11). The absence of the Ni-A 
state is common to all three O2-tolerant [NiFe] H2ases of R. eutropha (24, 43, 85). Rapid O2-
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induced Ni-A formation and slow reactivation of this state in O2-sensitive H2ases is a major 
obstacle for their use in biotechnology. Thus, avoiding Ni-A formation is crucial for O2-
tolerant H2 catalysis. Apparently, in the O2-tolerant MBH, this goal mainly has been achieved 
by an enlarged reduction capacity for the active site due to a modified FeS cluster relay.  
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Table 1 
 
sample fit shell Ni 
[per Fe] 
Ri 
[Å] 
22i x10
3
 
[Å
2
]
 
RF 
[%] 
PH  
ox 
I  
(II) 
Fe-C 0.33
*
 (0.44) 2.08 (2.07) 2 (2
*
) 9.8 
(8.5) Fe-S 3.83
*
 (3.63) 2.28 (2.28) 7 (6) 
Fe-Fe 2.58
*
 (2.49) 2.72 (2.72) 7 (8) 
MBH  
ox 
III 
(IV) 
Fe-O 0.33
*
 (0.57) 2.05 (2.06) 2
*
 (2
*
) 18.0 
(11.8) Fe-S 3.83
*
 (3.17) 2.28 (2.29) 9 (7
*
) 
Fe-Fe 2.58
*
 (1.50) 2.72 (2.74) 14 (7
*
) 
V 
(VI) 
Fe-O 0.58 (0.57) 2.06 (2.06) 2
*
 (2
*
) 8.2 
(8.9) Fe-S 3.37 (3.37) 2.29 (2.29) 7
*
 (7
+
) 
Fe-S 0.82 (0.91) 2.60 (2.61) 7
*
 (7
*
) 
Fe-Fe 1.85 (1.24) 2.72 (2.66) 7
*
 (7
*
) 
Fe-Fe 0.35 (0.88) 3.34 (2.79) 7
*
 (7
*
) 
MBH  
H2 
VII 
(VIII) 
Fe-O 0.35 (0.43) 2.13 (2.13) 2
*
 (2
*
) 11.1 
(12.3) Fe-S 3.78 (3.73) 2.31 (2.31) 7
*
 (7
*
) 
Fe-S 0.78 (0.26) 2.73 (2.60) 7
*
 (7
*
) 
Fe-Fe 1.81 (1.08) 2.74 (2.69) 7
*
 (7
*
) 
Fe-Fe 0.55 (0.93) 3.42 (2.80) 7
*
 (7
*
) 
MBH 
C19G/C120G 
H2 
IX Fe-O 0.48 2.07 2
* 
12.5 
Fe-S 3.68 2.28 7
* 
Fe-S 0.83 2.59 7
* 
Fe-Fe 2.36 2.72 7
* 
Fe-Fe 0.25 3.02 7
* 
 
 
Table 2  
state of [NiFe] site Nir-B 
 
Niia-S Ni-S 
(Nir-S, Nir/u-S) 
Nia-C 
 
Nia-SR 
(Nia-SR, -SR´, -SR´´) 
Ni oxidation state III II II III II 
(CO) [cm-1] 1948.0 1929.6 1933.8, 1944.7 1957.0 1944.7, 1926.2, 1918.0 
oxidized, pH 5.5 71 0 28 
(13, 15) 
1
(e) 
0 
 
H2-reduced, pH 5.5 0 0 11 
(11, 0) 
10 79 
(18, 50, 11) 
air-reoxidized, pH 5.5 36
(a) 
20 41 
(13, 28) 
3
(e) 
0 
oxidized, pH 8.0
(d) 
2
(b) 
69 26 
(13
(c)
, 13) 
3
(e) 
0 
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Table 3 
 
 shell: Ni-O Ni-S Ni-Fe   
sample: fit: Ni [per Ni] / Ri [Å] / 2
2 
x10
3
 [Å
2
] RF [%] 
PH 
Ni-A I 0.82 / 1.85 / 4
* 
2.73
# 
/ 2.16 / 5
 
1.27
# 
/ 2.72 / 4
*
 
1.00
* 
/ 2.75 / 5
* 
11.2 
Ni-C II 0.13 / 1.83 / 4
* 
3.03
# 
/ 2.18 / 7
 
0.97
# 
/ 2.55 / 4
*
 
1.00
* 
/ 2.54 / 5
* 
15.3 
Ni-SR III 0.02 / 1.80 / 4
* 
3.23
#
 / 2.17 / 9 
0.77
#
 / 2.56 / 4
*
  
1.00
*
 / 2.51 / 5
*
  17.3 
MBH 
Ni-B IV 0.67 / 1.88 / 4
*
 2.71
# 
/ 2.20 / 14 
1.29
# 
/ 2.62 / 4
*
 
1.00
* 
/ 2.64 / 5
*
 12.1 
Ni-SR V 0.12 / 1.80 / 4
*
 3.07
# 
/ 2.21 / 6 
0.93
# 
/ 2.60 / 4
*
 
1.00
* 
/ 2.58 / 5
*
 12.8 
Niia-S VI 1.41 / 2.03 / 4
*
 2.30
# 
/ 2.32 / 22 
1.70
# 
/ 2.98 / 4
*
 
1.00
* 
/ 3.05 / 5
*
 12.5 
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Legends to Tables and Figures 
 
Table 1: Simulation parameters of Fe EXAFS spectra of PH and MBH. C19G/C120G 
denotes a HoxK variant of the MBH (54); ox = oxidized and H2 = hydrogen-reduced proteins. 
Ni, coordination number; Ri, Fe-backscatterer distance; 2
2
i, Debye-Waller factor. (*) Fixed 
parameters in the fit procedure. For fit I, the Ni-values for the PH were calculated including (i) 
a set of 2x [4Fe4S] and 1x [3Fe4S] clusters (the distal [4Fe4S] cluster is ligated by one N-
atom from a histidine), (ii) one Fe-Ni vector which was indistinguishable from the Fe-Fe 
distances, and (iii) coordination of the active-site Fe by two CysS and three carbons from the 
two CN
-
 ligands and the CO. The RF-value (48) was calculated for reduced distances of 1-3 Å.  
 
Table 2: Redox-state populations of the [NiFe] site in various MBH preparations. Populations 
(in %, error of about 5 %) were derived from Gaussian fits of the CO stretching vibrations in 
the FTIR absorbance spectra (not shown, see (43-44)). The respective state assignments 
follow previous attributions (43). Indices denote: a, active; ia, inactive; r, ready; and u, 
unready states; the assignment of the 1944.7 cm
-1
 band is ambiguous, however, it belongs 
presumably to an oxidized EPR-silent state. 
(a)
Band at 1950.6 cm
-1
, 
(b)
1948.9 cm
-1
, and 
(c)
1935.9 cm
-1
. 
(d)
Values for the less active MBH preparation. 
(e)
These minor contributions are 
presumably due to a further inactive Ni-S state. 
 
Table 3: Ni EXAFS simulation parameters for PH and MBH. State nominations follow 
attributions in Table 2. Ni, coordination number; Ri, Ni-backscatterer distance; 2
2
i, Debye-
Waller factor. 
*
Fixed parameters in the fit procedure, 
#
the sum of the NNi-S values was 
restrained to 4. RF was calculated for reduced distances of 1-2.5 Å. 
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Figure 1: Composition of [NiFe] hydrogenases of the standard type (PH) from D. gigas (53) 
and of the membrane-bound type (MBH) from R. eutropha (25, 31). Two CN
-
 and one CO at 
the active site iron were inferred by FTIR (43). The enzyme preparations lacked the 
membrane and the cytochrome-b subunit with its two heme groups in the case of MBH and 
the cytochrome-c in the case of PH. FeS denotes a modified proximal cluster in the MBH. 
 
Figure 2: Fe XAS spectra. (A) Fourier-transforms (FTs) of EXAFS spectra (in B) of oxidized 
(red) and H2-reduced (blue) MBH, of the HoxK C19G/C120G mutant of MBH (magenta), and 
of oxidized PH (green). The bar marks the difference between FT-peak amplitudes due to Fe-
Fe vectors in wildtype MBH and PH. Inset: FTs of MBH at pH 5.5 (line) and of the less active 
MBH preparation at pH 8 (dots). FTs were calculated for a k-range of 2-16 Å
-1
 and using cos
2
 
windows over 10 % at both k-range ends. (B) Experimental EXAFS spectra (black) and 
simulations (coloured lines) with parameters in Table 1 (fits I, VI, VIII, IX). (C) Respective 
Fe K-edge spectra and their pre-edge features on an expanded energy scale in the inset. 
 
Figure 3: Ni K-edge spectra of MBH and PH samples containing mostly the indicated states 
of the [NiFe] site with formal Ni(III) (Ni-A, -B, -C) or Ni(II) (Ni-SR, Niia-S) oxidation states. 
The spectrum of an air-reoxidized MBH sample is shown as a dashed line. Spectra of MBH 
were vertically displaced. The inset shows K-edge energies at 50 % level of edge spectra. 
 
Figure 4: Ni EXAFS spectra. (A) FTs of spectra of PH in the oxidized (Ni-A), H2-reduced 
(Ni-C), and Na-dithionite reduced (Ni-SR) states. (B) FTs of spectra of MBH in the oxidized 
(Ni-B), H2-reduced (Ni-SR), and inactive (Niia-S) states. The arrows mark FT-peaks due to 
Ni-µO bonds; 
*
contributions from Ni-Fe vectors. FTs were calculated for a k-range of 2-15 
Å
-1
 and using cos
2
 windows over 10 % at both k-range ends. Insets in (A) and (B) show the 
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respective experimental EXAFS spectra (thin black lines) and their simulations (thick lines) 
with parameters in Table 3. All spectra are displayed on the same scale. 
 
Figure 5: Structural motifs of FeS clusters and the [NiFe] site in PH and MBH. (A) Left: 
structure of the proximal [4Fe4S] cluster in crystallized PH (53). Right: hypothetic structure 
of the proximal FeS cluster in MBH in agreement with the Fe-XAS results. The model was 
constructed from the PH structure by moving one iron (Fed) to ~3.4 Å from two other Fe ions. 
The particular positions of the two additional cysteines (C19, C120) are plausible according to 
modelling results (54). A bridging CysS may account for the shortest Fe-Fe distance of ~2.6 
Å. The connections of Fed to the other Fe ions by µS bonds and the presence of four such 
motifs is unclear (dotted lines). (B) Model structures of the [NiFe] site in agreement with the 
Ni-XAS results. The S-atoms belong to cysteines; rounded Ni-Fe and first-sphere Ni-oxygen 
distances (in Å) are indicated; the iron is in the Fe(II) state. The Ni-B state is assigned to a 
bridging hydroxide (54). The Ni-A state may be assigned either to a bridging OH
-
 plus a 
terminal CysSO or to a bridging hydroperoxide (50, 88, 89), with the non-bridging O-atoms 
relatively distant from Ni and not detectable by XAS. The location of the bridging CysSO in 
Niia-S follows crystallographic data of standard H2ases (SI-1), the Ni-bound OH
-
 is tentative. 
Possible Ni-bound H-species in Ni-SR were omitted. 
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(1) Sulfenates in [NiFe] H2ase crystal structures. 
In several crystal structures of hydrogenases in the PDB database, sulfenates (CysSO) 
at the Ni-Fe active site were observed (Fig. S1). Sulfenates have been found in samples 
predominantly containing the Ni-A, Ni-B, and even reduced states of H2ase proteins. In two 
structures (1YQW, 1WUI) an equatorial bridging sulfenate bound via its O-atom to Ni was 
found (Fig. S1, top), similar to what we propose for the inactive Niia-S state of MBH. 
Evidence for additional oxygen ligands at Ni has also been obtained in previous XAS 
investigations on various H2ases (1-4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1WUI1YQW
1WUJ
1WUL 3CUS
Ni Fe
 
Figure S1: Sulfenate formation of 
cysteine residues (CysSO) in crystal 
structures of Ni-Fe H2ases 
(respective PBD entry numbers are 
indicated). Structures have been 
derived for H2ase from D. gigas 
(1YQW), D. vulgaris Miyazaki F 
(1WUI, 1WUJ, 1WUL), and from a 
methionine double-mutant of D. 
fructosovorans (3CUS). Colour code 
of elements: Green, Ni; magenta, Fe; 
red, O; blue, N; cyan, C; yellow, S. 
Structures are anticipated to 
correspond to the Ni-A state (top), to 
Ni-B (middle), and to reduced 
proteins presumably mainly in the 
Ni-SR state (bottom). Possible 
protons on the bridging oxygen 
species are invisible in the crystal 
structures.   
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(2) XANES simulations. 
 Calculations of XANES spectra were performed on [NiFe] site models (5) similar to 
those shown in Fig. 5. The calculated spectra reproduced the spectral changes, i.e. a decreased 
secondary edge maximum, for the transition from a 5-coordinated Ni(III) in Ni-B 
((Cys)S4Ni
II
µO(H)) to a 4-coordinated Ni
II
 (which may contain an additional, but XAS 
invisible H-ligand) in Ni-SR ((Cys)S4Ni
II
) (Fig. S2). The large primary edge maximum of the 
Niia-S state of MBH was only reproduced including two Ni-bound oxygen species, i.e. a 
metal-bridging CysSO group and a terminal hydroxide ligand (compare Fig. S2 and Fig. 5); a 
single terminal OH was insufficient. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(3) DFT calculations on [NiFe] active site models. 
 Density-functional theory calculations were carried out on [NiFe] site models similar 
to those in Fig. 5 for the Ni
III
-B and Ni
II
-S states, involving oxidized cysteines (CysSO) either 
in a metal-bridging position or in a terminal position (see Fig. S1). The results (Table S1) 
support the presence of a Ni-Fe bridging CysSO (O-atom bound to Ni, S-atom at ~2.9 Å to 
Ni) in Niia-S of MBH. Only small parameter differences were observed for terminal CysSO 
groups, bound to Ni via their S-atom. For further details see the Results section.   
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Figure S2: Calculated 
XANES spectra based on 
the following Ni-
coordinations: (Cys)S4Ni-
µOH, line; (Cys)S4Ni, ; 
(Cys)S4Ni-OH, ; 
(Cys)S3(CysS)ONi-OH, 
dash-dots. The horizontal 
line marks the unity level. 
For structures containing 
CysSO groups see SI-1. 
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Table S1: Structural parameters of [NiFe] site models from DFT. 
 
 NiIII-B (NiII-S) 
exp. Ni-Fe distance [Ǻ] PH 2.84(a) 
MBH 2.65 (3.05) 
calc. Ni-Fe distance [Ǻ] (Cys)S4 2.94 (2.63) 
(CysS)3(CysS)O
68
bridge -3.12(3.01) 
(CysS)3(Cys)S(O)
65
terminal 2.89 (2.64) 
exp. Ni-S distance [Ǻ] PH 2.31(b) 
MBH 2.34 (2.60) 
calc. average Ni-S distance [Ǻ] (CysS)4 2.28 (2.34) 
(CysS)3(CysS)O
68
bridge 2.49 (2.57) 
(CysS)3(Cys)S(O)
65
terminal 2.30 (2.33) 
exp. Ni-O distance [Ǻ] PH 1.67(b) 
MBH 1.88 (2.03) 
calc. Ni-OH distance [Ǻ] (CysS)4 1.94 
(CysS)3(CysS)O
68
bridge 1.93 (1.97) 
(CysS)3(Cys)S(O)
65
terminal 1.91 (1.95) 
calc. Ni-OSCys distance [Ǻ] (CysS)4 none 
(CysS)3(CysS)O
68
bridge 2.03 (1.90) 
(CysS)3(Cys)S(O)
65
terminal 3.12 (3.19) 
 
Experimental data from this work and the literature for PH and MBH are given for comparison; 
values in parenthesis are for the Niia-S state of MBH. Numbering of Cys ligands follows the D. 
gigas notation. In parenthesis, values for Ni-S. (a)Data from (6); (b)data from structure 1WUJ of D. 
vulgaris Miyazaki F H2ase. 
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